The transient method of the mass flow rate and permeability measurements through a microporous media, developed previously, is used here to extract different characteristics of the media. By implementing the model of porous media as a bundle of capillaries the effective pore dimension is extracted from the measurements, and its physical interpretation is given. This methodology shows promising results to be used as a non-destructive method of micro-andnanoporous media analysis. The permeability is also extracted directly from the measurements of the pressure variation in time. By using additional information about the sample porosity, the number of capillaries, the tortuosity and the internal surface of the sample are calculated. The extracted values are very close to that obtained by the mercury porosimetry and by microtomography.
(1)
HereṀ i and p i , i = 1, 2 are the mass flow rate and pressure in the tank i, 120 respectively, R is the specific gas constant, T is the gas temperature, the same 121 in each tank, t is the time. Equations (1) are obtained with an assumption that 122 the gas follows the ideal gas law. In the present study, the maximal considered 123 pressure is slightly above atmospheric pressure (up to 131 kPa); therefore we 124 do not consider here the real gas effects. However, the proposed approach can 125 be generalized to take into account the real gas effects by using, for example, 126 the van der Waals equation instead of the ideal gas law. The estimations of 127 the compressibility factor under our experimental conditions are provided in 128 AppendixA. 129 The ideal gas law is valid under equilibrium condition; however, the gas 130 pressure and gas mass in a tank change in time. Here we assume that we have 131 a quasi-steady process, that is, we have a succession of local equilibrium. This 132 assumption is true when we have a small unbalancing force which modifies the 133 system slower than the system reaches a local equilibrium, see AppendixB for 134 a further discussion. 135 Very often it is convenient to express the mass flow rate in function of the 136 pressure difference, ∆p(t) = p 1 (t) − p 2 (t), between two tanks:
where V 0 is the effective volume. It is clear that the mass flow rate can be 138 calculated using expressions (1) and (2), when the pressure variation in each 139 tank or the pressure difference between them in time is known. To measure 140 the mass flow rate, first, the initial pressure difference is settled between the 141 tanks, then the gas starts to flow from higher to lower pressure tank up to the 
where τ is the pressure relaxation time, ∆p 0 is the initial pressure difference 146 between the tanks at time t = t 0 . Similar exponential representations of the 147 pressure evolution over time in the first, p 1 (t), and second, p 2 (t), tank can be 148 also written in a form similar to Eq. (3), see Refs.
[19], [11] . The pressure 149 4 evolution in time in each tank and the pressure difference between two tanks as a function of time and their corresponding fitting functions are shown in Fig. 2 (a) and (b), respectively.
152
By using Eq.
(2) for the mass flow rate, the exponential representation of 153 the pressure difference in time, Eq. (3), and its analytical derivative, we can 154 now express the mass flow rate as
From Eqs.
(1) we can also express the mass flow rate using the analogous 156 to Eq. (3) exponential representation of the pressure variation over time in tions lies in the range 3.6 − 5.1%, see Ref.
[11] for more details. given distance L, which is the thickness of a porous sample (disc):
where K is the permeability, S is the cross-section of the porous sample, µ is 169 the viscosity, which is calculated as [21]:
where ω is the gas viscosity index, µ ref is the gas viscosity at temperature 171 T ref = 273.15 K [21], see also Table 1 . The volumetric flow rate, used in Eq. (5) , is related to the mass flow rate 173 and the gas density ρ as:
then by integrating along the porous sample and by using the mass conservation 175 property, we obtain the expression, analogous to Eq. (5), which relates the mass 176 flow rate, instead of volumetric flow rate, to the permeability
Here p m is the mean pressure between two tanks, p m = 0.5(p 1 +p 2 
The sample porosity ε is defined as
where V c is the volume of void-space (such as fluids) and V is the total or bulk 207 volume of a solid material.
208
If the porous medium is represented as a bundle of N capillaries of the same 209 radius a and of the length L c , different from the membrane thickness L, Eq.
210
(10), the porosity is calculated as:
With the same set of parameters a very useful characteristic of porous medium 212 can be calculated, the Specific Surface Area (SSA) defined as the the ratio of 213 the internal surface to the sample volume
Finally the used here model of the porous medium has 4 unknown parameters.
215
Three among them, the parameters a, N and l τ (or ε) are defined above. The number, which is calculated as the ratio between the equivalent molecular mean 228 free path and the characteristic dimension a of the capillary (its radius):
The equivalent molecular mean free path is defined as
where v 0 is the most probable molecular speed
It is convenient to introduce also the rarefaction parameter δ which is directly 232 proportional to the pressure and related to the Knudsen number as
7
We adopt here the classical definition of gas flow regimes in terms of the Knudsen the mass conservation property we obtain finally the mass flow rate through a 256 single tube (capillary) for the slip flow regime:
whereṀ P is the classical Poiseuille masse flow rate through a capillary of a 258 radius a and the length L c in the hydrodynamic flow regime (δ ≥ 100):
where 260
In the hydrodynamic flow regime the molecule-molecule collisions dominate the molecule-surface collisions. Contrarily, in the free molecular flow regime 262 (δ ≤ 0.1, Knudsen diffusion regime) the molecule-molecule collisions can be 263 practically neglected and the molecule-surface collisions guide the flow. In this 264 regime the mass flow rate is calculated from following expression [27]:
In the case of the transitional flow regime (0.1 ≤ δ ≤ 10) the mass flow rate can To have an idea about the flow regime it is useful to note that the mass flow 301 rate through a capillary in free molecular regime is proportional to ∆p/v 0 , this 302 motivates our definition of the dimensionless quantity G 0 as
By defining the dimensionless quantity G 0 in this way, we eliminate its depen-304 dence from the geometrical parameters, a, and L c , which are unknown a priori 305 in this model. By analogy, in the hydrodynamic flow regime, the mass flow rate 306 is proportional to ∆pp m /(µv 2 0 ), so we define dimensionless quantity S 0 as
When we plot these normalized quantities, G 0 and S 0 , as a function of inverse 308 molecular mean free path −1 and molecular mean free path , respectively, we 309 find similar behavior as for the mass flow rate through a tube. That is, with 310 these normalizations we find a constant value in the respective regime and we 311 can make the first identification of two known limits, the free molecular and 312 hydrodynamic regimes.
313
However, it is more complicated to identify the slip flow regime. The G 0 314 curve for the first disc is presented in Fig. 4 . It is clear that the analytical curve 
In the previous expression four parameters are unknown: N , a, L c and σ p . To 347 determine them from experimental data we can write the previous expression 348 in the following form
where M S0 is defined in (23). Then we fit previous expression according to the 350 linear regression:
where 352
A S and B S are the fitting coefficients of the S-fit. The mass flow rate is fitted via 353 the molecular mean free path, X = , Eq. (15). From the previous expressions, 354 it is clear that the slope of the fitting curve, A S coefficient, depends on the gas 355 nature only via the slip coefficient σ p .
356
As it was mentioned previously, initially the characteristic dimension a of the 357 flow are not known, and we can refer to different flow regimes only by using the 358 molecular mean free path. The intervals associated with different flow regimes 359 and expressed in term of the molecular mean free path are presented in Table 2 .
360
The S-type fit, Eq. (32), is realized in the hydrodynamic and slip flow regimes, 361 so for > 0.19 µm for the first disc.
362
The fitting coefficients, A S and B S , for the first disc and various gases are 363 shown in Table 3 . It is worth to note that even if the measurements for four results for other gases are close to that measured for Argon.
374
From the fitting coefficients, A S and B S , the effective flow dimension of the 375 porous medium a, i.e. effective pore radius, can be found as
To calculate the characteristic dimension of the porous medium, a, from the 377 previous expression, Eq. (34), we need only the information on the velocity slip 378 coefficient, σ p , which characterizes the gas-surface interaction. In addition, Eq.
379
(34) is independent of the external geometrical parameters of a sample, so we are 380 not restricted to only cylindrical shape of the porous media. In the following, we 381 assume that all the gases interact with the wall of the porous medium diffusively 
two assumptions to obtain this value. One of possibilities is to assume that the 403 capillary length is equal to the porous disc thickness, L c = L, so the tortuosity 404 factor, l τ , Eq. (10), is equal to 1. However, with this assumption the sample 405 porosity, ε = 2.2%, is much smaller than that provided by the manufacturer, 406 15.9%.
407
The second possible choice is to assume that the capillary length, L c , is equal 408 to l τ L. However, to calculate l τ we have to introduce new additional parameter, 409 the porosity, ε, which can be known either from the manufacturer or from the 410 tomography analysis (see Section 8), then the tortuosity is calculated as
Finally, to have the complete realistic description of a porous sample by using 412 the model of the bundle of the tortuous capillaries we need to use additionally 413 the information about the porosity.
414
The last important data, which can be extracted from the measurements, 415 also by using additional information about the porosity, is the value of the 416 surface-to-volume ratio, Eq. (13), which can be also calculated as
These results extracted from the measurements are compared with the results 418 of the computer tomography analysis and with that of the mercury porosimetry 419 in Section 9. 
13
The last expression can be rewritten in the form analogous to Eq. (32) and then 431 fitted according to the linear regression:
where 433 
where K D is the hydrodynamic (Darcy or intrinsic) permeability
which can be found from the fitting coefficient B K (or B S , obtained from the fit 442 of the mass flow rate) as
As it is clear from Eq. (44), in the slip flow regime, the permeability becomes 444 inversely proportional to the rarefaction parameter, i.e. to the mean pressure.
445
Therefore, we can rewrite Eq. (44) in the following form, proposed initially by 446 Klinkenberg [16],
here b is a gas dependent coefficient. By identifying Eqs. (44) and (47) we can 448 deduce the expression for b:
It is clear that b coefficient depends not only from the gas nature through the gas 450 viscosity, the most probable molecular velocity and the velocity slip coefficient, 451 but also from the characteristic dimension a (effective pore radius) of the porous 452 medium, therefore, expression (47) is not at all universal. following the distance map values (Fig. 9 ). The voxels that correspond to the 506 meeting region coming from different ultimate's points labels are identified as 507 throats. For every throat surface we compute the equivalent ellipsoid and we 508 report here the distribution values of the major and the minor axis ( Fig. 9 ).
509
The minor axis length gives the diameter of the maximal inscribed disk into the 510 throat. The mean values are 7.7 µm and 18.8 µm for the minor and major axis, 511 respectively.
512
We compute the penetration length of the porous sample for different particle In this Section we present the results obtained with the proposed method-519 ology on the effective pore size, tortuosity, surface-to-volume ratio and the per-520 meability. We compare these porous sample characteristics to the data obtained 521 from the tomographic and porosimetry analyses, when they are available. 522 9.1. Pore size 523 We start by the analysis of the pore size with one porous sample from a 524 batch, called previously first disc. Applying the presented here experimental 525 methodology, explained in details in Section 5.2, the effective pore dimensions 526 are extracted from the mass flow rate measurements, 527 see Table 4 . By analyzing the data presented in Table 4 , we can see that 528 for this porous sample the effective pore diameters, 2a, calculated with different 529 gases, are very close one to another. The uncertainty in the estimation of the 530 characteristic pore dimension is of the order of 16% for Nitrogen and decreases 531 up to 13.9% for Argon. The average pore dimension, estimated with two gases, 532 2a = 3.6 µm, is obtained with an uncertainty of 13.9%.
533
The uncertainty of the effective pore dimension is calculated using the square 534 root of the summation of the fitting coefficients uncertainty, which is calculated 535 from the limits of a 95% confidence interval of the fitting parameters. 536 
16
The iMorph computer analysis of the tomographic data, see Section 8, allows
to obtain the representation of the porous structure of a sample as the system of experimental analysis of a thermal transpiration rarefied gas flow, Phys. 6.27 2.7 ± 1.5 2.8 ± 1.6 1.6 ± 0.5 Table 5 : Results from iMorph analysis of the one part of the first porous disc, obtained with 1.8 µm space resolution: porosity, ε, specific surface area, S A , and tortuosity, lτ , in three directions (x, y and z).
1st disc 2nd disc 
AppendixA. Real gas effects 767
The ideal gas law assumes that gas molecules do not occupy any space and 768 that there is no molecular potential for attraction and repulsion. Under high 769 pressure, the first assumption breaks down as the volume occupied by the gas 770 molecules cannot be neglected. When the temperature is low, the molecular 771 potential cannot be neglected, otherwise, if there is no attraction condensation 772 cannot occur. The ideal gas law is considered accurate when the temperature is 773 significantly larger than the boiling point, i.e. at least two times greater than the 774 critical temperature. Additionally, the pressure needs to be not much greater 775 than atmospheric pressure, it has to be much lower than critical pressure.
776
To quantify the deviation from ideal gas law conditions, it is useful to intro-777 duce the compressibility factor [39]
which assumes unity when the ideal gas law assumption is valid. In Table   779 A.7 the measured compressibility factors is provided for the gases used in our 780 study and for the maximal measured pressure (131kPa). All the gases have the To derive the mass flow rate we have to consider the mass variation in time 786 as a quasi-steady process. We assume that there are infinitesimal unbalanced 787 forces which modify the state of the system slower than the system reaches 788 its local equilibrium. In this case, we can approximate the thermodynamic 789 processes as a succession of equilibrium states. This approximation can be 790 considered as an accurate one when the average time needed for a gas molecule 791 to travel through the porous medium is much greater than the time between the porous samples used here, we did not arrive to reach both regimes, so this 827 theoretically possible approach was not realized here.
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